Reverse genetic or gene-driven knockout approaches have contributed significantly to the success of model organisms for fundamental and biomedical research. Although various technologies are available for C. elegans, none of them scale very well for genome-wide application. To address this, we implemented a target-selected knockout approach that is based on random chemical mutagenesis and detection of single nucleotide mutations in genes of interest using high-throughput resequencing. A clonal library of 6144 EMS-mutagenized worms was established and screened, resulting in the identification of 1044 induced mutations in 109 Mbp, which translates into an average spacing between exonic mutations in the library of only 17 bp. We covered 25% of the open reading frames of 32 genes and identified one or more inactivating mutations (nonsense or splice site) in 84% of them. Extrapolation of our results indicates that nonsense mutations for >90% of all C. elegans genes are present in the library. To identify all of these mutations, one only needs to inspect those positions that-given the known specificity of the mutagen-can result in
The use of Caenorhabditis elegans as a model system has contributed increasingly to biological research over the past decades. Initially, C. elegans was introduced as a model organism allowing phenotype-driven (forward) genetic research (Brenner 1974) . At present, this has resulted in the identification and elucidation of many novel components and pathways that were found to be involved in equivalent biological processes in other animal species, including mammals. The success of C. elegans as a model system was boosted by the development of powerful experimental technologies (Wood 1998) , including reverse (gene-driven) genetics tools (for review, see Barstead 1999) . With the completion and annotation of the whole genome sequence for C. elegans (C. elegans Sequencing Consortium 1998), gene-driven genetics has become very important for assigning function to proteincoding genes, as only ∼10% of the almost 20,000 encoded genes have been subject to systematic study. Efficient technology for disrupting gene function is therefore essential.
Currently, several methods are available for the genetic inactivation of genes in C. elegans. The first method developed is based on mutator strains that show a high rate of spontaneous mutations as a result of novel insertions from active transposable elements. Using such strains, animals can be recovered that carry Tc1 transposable elements in target loci of choice (Rushforth et al. 1993; Zwaal et al. 1993) . However, transposon insertions do not always result in inactivation of the target gene, as the transposable element may be inserted in intronic regions or deleted from the transcript because of post-transcriptional splicing (Rushforth and Anderson 1996) . Nevertheless, transposon insertions can be used to generate deletion derivatives that may result from imprecise excision after activation of transposon activity (Zwaal et al. 1993) . As this approach is laborious and success is not guaranteed, chemical mutagens are preferred to introduce deletions in the C. elegans genome. Both ethylmethanesulfonate (EMS) and UV/trimethylpsoralen (TMP) have been used successfully to generate mutant libraries for PCR-based identification of deletions in genes of interest (Jansen et al. 1997; Liu et al. 1999) , and modifications (Edgley et al. 2002) of the original PCR-based deletion detection protocol have increased the odds of finding the desired deletion as it improves the retrieval efficiency of smaller deletions that occur most frequently. Recently, gene disruption by homologous recombination has been demonstrated (Berezikov et al. 2004) , but this method is laborious and not very amenable for scaling. Besides genetic approaches, RNAi-based approaches have proven their value for fast genome-wide screens for effects in a wide variety of phenotypic tests (Fraser et al. 2000; Gonczy et al. 2000) . However, gene inactivation by RNAi may be spatially or temporally restricted or for some genes result in only partial (knockdown) or no gene inactivation at all. On the basis of our own experience, we find that RNAi-based and genetic knockout approaches are complementary to each other, each with their own specific experimental and technological advantages and disadvantages. Furthermore, we and others recently showed that systematic RNAi screens on genetic knockout backgrounds are very powerful for the mapping of genetic interaction networks (van Haaften et al. 2004; Lehner et al. 2006 ).
Here we describe the establishment of a cryopreserved mutant clonal library containing >12,000 EMS-mutagenized genomes. Although EMS induces genomic deletions at some level, the most frequently induced mutations are single base pair changes (Anderson 1995) . We established a screening method for the identification of such point mutations by high-throughput dideoxy resequencing and found that the average spacing between induced mutations in the library is only 17 nucleotides. Our results suggest that there are nonsense or splice site mutations present in the library for >90% of all C. elegans genes. Although the resequencing approach presented here can be scaled relatively well, it is not suited for a genome-wide approach. We discuss an approach that could be used for larger scale or even genome-wide identification of gene knockouts by reducing the genomic screening complexity by three orders of magnitude.
Results and Discussion

Library construction
Although EMS is used in C. elegans reverse genetic approaches to introduce genomic deletions (Jansen et al. 1997) , the most common type of DNA damage introduced by this mutagen are point mutations, primarily G/C to A/T transitions. The molecular mutation frequency at the standard 0.05 M dose is estimated to be ∼7 ‫ן‬ 10 ‫6מ‬ per mutagenized G/C base pair (Anderson 1995) . Corrected for the genomic GC content of C. elegans (36%), this translates into a molecular mutation frequency of one induced mutation every 400,000 nucleotides per mutagenized genome. A clonal library of 6144 EMS mutagenized C. elegans was constructed as outlined in Figure 1A . P0 worms were EMSmutagenized and F 1 progeny were singled out and allowed to grow for two to three generations (10,000-50,000 worms). The resulting population was split in three parts, where two parts were used to cryopreserve the mutant stocks in duplicate in 96-well format and the third part was used for DNA extraction. In contrast to libraries generated for the identification of deletions, this library was not multiplexed, which, in combination with cryopreservation in duplicate, should facilitate the retrieval of mutants from the archive. Assuming that EMS induces only transitions from G/C to A/T at a frequency of 7 ‫ן‬ 10 ‫6מ‬ per G/C base pair per haploid genome and taking into account the C. elegans codon usage (Nakamura et al. 2000) , one can calculate that for an average gene of 1000 coding bp, the expected frequency of silent, missense, and nonsense mutations will be 8.6 ‫ן‬ 10 ‫מ‬ 4 , 1.8 ‫ן‬ 10
‫3מ‬
, and 1.7 ‫ן‬ 10
‫4מ‬
, respectively. For a library of 6144 animals, corresponding to 12,228 mutagenized haploid genomes, this translates to an expected induction of 10 silent, 21 missense, and two nonsense mutations per 1-kb gene. These numbers may be slight underestimates, because the mutation frequency per base is slightly higher in coding regions compared with the whole genome sequence as the GC content is higher in coding regions (43%) than in the whole genome (36%).
Library screening
Although several methods have been developed for single nucleotide mutation discovery and target-selected mutagenesis in various organisms (Bentley et al. 2000; McCallum et al. 2000; Perry et al. 2003; Wienholds et al. 2003; Quwailid et al. 2004; Winkler et al. 2005) , we employed dideoxy resequencing, which directly provides sequence context information and is very well suited for automation, at both the experimental and the data interpretation levels. We implemented a robust and economical procedure for semiautomated high-throughput analysis of C. elegans mutant DNA (Fig. 1B) , based on our work in zebrafish (Wienholds et al. 2002) and rat (Smits et al. 2006) . First, DNA was isolated in 96-well format from half of the worms from a fullgrown single 6-cm plate. Stock genomic DNA was diluted, providing sufficient starting material for 2000 PCR reactions. For mutation screening, we used a nested PCR approach in 384-well format to amplify coding regions of genes of interest (Fig. 1C) . This approach allowed us to multiplex the first PCR (PCR1) at least up to 10-fold, increasing the total number of target sequences to be screened with the limited amount of DNA template. This gave the most uniform PCR product yields in the second PCR and allowed us to titrate down the oligo and dNTP concentrations in the second PCR (PCR2), making it possible to sequence diluted PCR2 products directly without the need for any expensive and laborious purification. Furthermore, oligos for the second PCR were tailed with universal M13 adapters allowing for standardized sequencing reactions under universal conditions. Sequencing results were semiautomatically processed using the PolyPhred packages (Stephens et al. 2006) , custom scripts, Figure 1 . Schematic outline of the mutant C.elegans library generation and screening. (A) Library generation: P0 worms were treated with EMS and F 1 progeny were singled out and expanded clonally until the F 2 to F 3 generation. Cultures were split in two, where the first half was used for cryopreservation in duplicate and the other half for DNA isolation and subsequent mutation detection in genes of interest. (B) Library screening: Genic regions of interest were amplified by a nested PCR and screened for induced mutations by dideoxy resequencing. Mutations were scored by PolyPhred 5.0 (Nickerson et al. 1997 ) and stored and annotated in LIMSTILL (http://limstill.niob.knaw.nl; V. Guryev and E. Cullen, unpubl.) . When an interesting mutation was identified, it was reconfirmed in an independent assay and the mutant was retrieved from the frozen archive, outcrossed, and analyzed for phenotypic consequences. (C) Nested PCR setup: In the first PCR multiple regions of interest are amplified in a multiplex of various oligo 1 and 4 combinations. The second PCR was performed with a single pair of M13-tailed oligos 2 and 3. The resulting products were sequenced using universal M13F and/or M13R oligonucleotides.
and web-based front-ends (http://limstill.niob.knaw.nl; V. Guryev and E. Cuppen, unpubl.) . We have optimized experimental and logistic procedures, resulting in a direct supply cost per sample (from genomic DNA to a sequencing read of max. 500 bp) of only 15 eurocents (including all chemicals and disposable involved but excluding investments in equipment and personnel costs). Direct supply costs for screening the complete library for a single amplicon would currently add up to ∼1000 Euro.
We have screened 56 amplicons in 32 different genes and identified 1279 candidate mutations (Tables 1, 2 ). Although we used relatively loose criteria for mutation calling to prevent false negatives, we reconfirmed 1044 mutations (82%) by an independent PCR and sequencing reaction (see Supplemental Material for details). Most false positives were non-G/C to A/T transitions (43%, 100 out of 235), although a significant number of non-G/C to A/T mutations (66, 6.3% of the total number of confirmed mutations) could be confirmed as well (Table 2 ).
Mutation characteristics
An example of a gene (C01G5.2) that was screened very intensively is shown in Figure 2 . As the oligos used for PCR amplification were mostly designed in the exon-flanking intronic segments and because various amplicons included multiple exons because of the compact organization of the C. elegans genome, some intronic mutations (94) were identified in the screen (Tables 1, 2 ). Although some of these could have an effect on the efficiency of mRNA splicing, such effects are extremely difficult to predict. Twelve mutations were found to affect a splice donor or acceptor site. Such mutations are frequent (up to 1% of all mutations) as the canonical splice donor/acceptor sites are relatively GC-rich. Most of these mutations are expected to result in a loss-of-function phenotype because of the introduction of a frameshift resulting from the use of alternative splice donor/ acceptor sites or exon skipping. Even when the open reading frame remains intact, these mechanisms could result in the introduction of additional amino acids or deletion of parts of the mature protein, thereby affecting the function of the protein (domain) or resulting in an improperly folded, unstable mature protein.
Most induced mutations reside in exonic segments and either are silent (252) or result in an amino acid change (658) or introduction of a premature stop codon (28) (Tables 1, 2). Although the ratio between silent and missense mutations is in the expected range, the percentage of identified premature stop codons is ∼3% of the exonic mutations, where theoretically one would expect 6%. Examination of potential premature stop codons that could be introduced in the amplicons that were screened did not reveal a sequence bias (i.e., mutation of 6.1% of the GCs would result in the introduction of a stop codon), indicating that there is a significant selection in the current library against premature stop codons, which may be caused by selection against lethals during clonal growth expansion. It should be mentioned that 6 out of 26 retrieved mutants have a sterile or lethal phenotype (Supplemental Table 2 ), indicating that this type of mutant can be retrieved from the library. On the other hand, loss of recessive lethal homozygotes during growth would decrease the amount of mutant alleles in the worm pool used for DNA isolation to 20% and 11% in the F 3 and F 4 generation, respectively, which could compromise PolyPhred-based mutation discovery and result in an increased false-negative rate.
The large category of nonsynonymous mutations could be of interest for studying protein subdomain function as they may have an effect on, for example, protein-protein interaction properties or enzymatic characteristics. As a result, both (partial) gainor loss-of-function phenotypes can be expected. Especially when full knockout alleles result in lethality or sterility, more subtle protein changes may be very useful. For 21 out of the 32 genes, one or multiple independent nonsense mutations were identified (Table 1) . When assuming that all splice site and nonsense mutations result in a loss of function of the gene, 27 out of the 32 genes (84%) were knocked out by one or more mutations in the current screen. Knockout mutations may be present in the library for the remaining five genes as on average only 40% of the coding capacity of these genes was screened (Table 1) .
Mutant retrieval
Although characterization of mutants is beyond the scope of this article, we found that all attempts for retrieval of the mutant alleles from the cryopreserved resource were successful, without the need to use the duplicate backup archive (Supplemental Table 2 ). One of the major advantages of the strategy used is that every sample is derived from a single mutagenized worm. Hence, every EMS-induced mutation was heterozygous in the F 1 animal that was clonally expanded by self-fertilization. Without any selection pressure on the population, this would result in 75%, 62.5%, and 56% of the F 2 , F 3 , and F 4 progeny, respectively, carrying at least one mutant allele. In the case of a recessive lethal mutation, homozygous mutants are removed from the population and these numbers would be 67%, 40%, and 22%, respectively. Although the lower levels of these latter numbers are not expected to interfere with mutant retrieval, a mutant-to-wild type allele ratio of 1:4 may become difficult to detect with the dideoxy sequencing-based screening setup and PolyPhred-based mutation discovery, resulting in an increased false-negative rate. This may explain the lower than expected observed frequency of premature stop codons, as discussed above. Upon thawing a sample from the cryopreserved mutant archive, we found that the number of viable worms varied between 10 and several hundred and that the percentage of worms carrying the mutant allele was between 10% and 80%-well within the range of the expected values. Several of the identified and retrieved mutants were found to be lethal when homozygous, illustrating that the library construction and screening procedure does not completely select against this type of mutation.
A complication that could occur because of the relatively high mutation load in the library is lethality due to a linked mutation, which would prevent the retrieval of the homozygous mutant. In only one instance where we expected to recover homozygous viable progeny (based on RNAi results) did we fail to do so (Supplemental Table 2 ). Perhaps this resulted from a closely linked lethal mutation. It should be mentioned that one more mutant, which eventually had no obvious phenotype, required substantially more effort to find homozygotes, suggesting the presence of a weakly linked mutation. Finally, we also retrieved a mutant that was almost exclusively homozygous in the initial thawed sample, most likely because of a lethal mutation on the other chromosome.
Taken together, in practice, retrieval of (homozygous) mutants does not seem to pose a significant problem. This observation can be substantiated by a theoretical calculation. With the observed mutation frequency of one per ‫001ע‬ kb per animal, (0) 2 (2) 83,613 (6144) in the library. The number of non-G/C to A/T mutations is shown in parentheses.
g Mutations that could not be reconfirmed in an independent PCR and resequencing assay. The number of non-G/C to A/T mutations is shown in parentheses.
there are ∼1000 induced point mutations in the diploid genome and 500 per haploid genome. Given that ∼25% of the C. elegans genome is protein-coding, the estimate that ∼10% of the exonic mutations results in a loss of function of the gene (Wienholds and Plasterk 2004) and that approximately one-third of the genes in C. elegans are essential (Johnsen et al. 2000) , approximately eight lethal mutations are expected per haploid genome, which equals <1.5 lethal per chromosome.
EMS-induced mutation spectrum in C. elegans
Our results provide the first large-scale and completely unbiased systematic analysis of the single base pair mutation frequency and spectrum for EMS in C. elegans. About 6.8% of the mutations are not G/C to A/T, which is well within range with forward (phenotype-driven) genetic data in C. elegans, for which it was found that 13 out of 238 EMS-induced single base pair mutations (5.5%) are not G/C to A/T (Anderson 1995), but much higher than the 1% found in Arabidopsis in a large-scale EMS-driven TILLING screen (Greene et al. 2003) and lower than the 16% observed in a similar but smaller-scale screen in Drosophila (Winkler et al. 2005) . We identified 43 identical mutations and although we cannot fully exclude clonal effects caused by mutagenesis of germline precursor cells, statistically up to 53 G/C positions can be expected to be mutated twice or more, indicating that no mutational hotspots exist. Nevertheless, a more subtle bias may still exist depending on the local sequence context. To investigate this, we calculated the ratio between the observed base frequencies for the positions flanking the mutated G/C base pairs from our screen and the expected base frequencies based on the sequence context of all G/C base pairs in the regions that were screened (Fig. 3) . The most prominent biases are seen at positions ‫1מ‬ and +2, where a G is strongly over-represented, and at positions ‫,2מ‬ ‫,1מ‬ and +1, where As are clearly underrepresented. Additional, but smaller, effects are seen at various positions between ‫4מ‬ and +4, and no significant biases are seen for positions that are further away. These observations show that there are local, sequence-dependent effects that are similar, but not identical, in size and spectrum as those observed in Arabidopsis (Greene et al. 2003) . This may either be the result of chemical properties of the molecules involved or the presence of a common repair mechanism with a sequence context-dependent activity. The latter could also explain the intriguing asymmetric pattern.
EMS-induced mutation frequency in C. elegans
The average molecular mutation frequency per animal varied per locus from one mutation per 61-192 kb with an average of one per 104 kb (Table 2) , to, corrected for duplicates, one per 109 kb. As both the male and the female germ lines were mutagenized in the founder animals, the mutation frequency per haploid genome is one per 208 kb and translates into a mutation frequency per haploid sequenced G/C base of one per 92,000 or 1.1 ‫ן‬ 10 ‫5מ‬ , which is ∼1.5-fold higher than calculated previously (Anderson 1995) . The intronic mutation frequency is significantly lower (one per 440 kb), but this is most likely due to technical issues because the intronic sequences occurred largely at the beginnings and ends of the reads where base accuracy is less, compromising mutation scoring. When considering the complete library, the average spacing between two adjacent mutations is only 20 bp and for coding sequences only 17 bp. Taking into account that ∼70% of the exonic mutations results in a nonsynonymous change of an amino acid, this means that at the amino acid level there is a mutation present in the library for every eighth amino acid of every C. elegans protein.
From gene-based to genome-wide screening
Extrapolation of the observed mutation frequency indicates that knockouts for the vast majority of the genes are present in the current library. However, screening the complete library with the current gene-based technology would not be feasible. In practice, stop and splice site mutations are the preferred type of knockout mutations, as these are most likely to result in a full loss of function of the gene. It should be noted that not every premature stop, especially those that are close to the 5Ј and 3Ј ends of a gene, results in a loss-of-function phenotype and that nonsense mutations for certain genes, such as small genes and those with multiple transcriptional isoforms, may be more difficult to recover. When the complete and well-annotated genomic sequence of an organism in combination with the mutation spectrum of the mutagen applied is known, one can simply deduce those positions in the genome that can result in a premature stop codon upon mutation (Fig. 4A) . We define these positions as nonsense introducing mutations (NIMs). Although the C. elegans genome is ∼100 Mbp and the complete coding part of the transcriptome (ORFeome) is ∼24 Mbp, the total number of NIMs based on EMS mutagenesis is only slightly more than 500,000 positions, reducing the genome complexity by ∼200-fold (Table 3) . For this calculation, we took into account only the most frequently EMS-induced point mutation G to A (93% of all mutations). When splice site mutations are taken into account as well, the total number of genomic positions increases to 700,000.
To identify all knockout mutations in an animal, one only has to inspect the genome-wide collection of NIMs, for example by genotyping. The genome-wide NIM collection can be calculated for any species of interest and, interestingly, its size does not scale linearly with genome size or animal complexity but is similar for Arabidopsis and increases only slightly for vertebrates (up to sixfold, depending on the mutagen and species) ( Table 3) . As a result, the genome-wide screening complexity is reduced >2000-fold.
Although genotyping technologies with increasing capacity and sensitivity are continuously emerging, current techniques are limited to several hundreds of thousands of genotypes per experiment. When all NIMs (stop mutations only, no splice site mutations) of C. elegans would be screened in our library, we expect to find at least one premature stop codon for 93% of all genes (Fig. 4B) . The remaining parts of the genes are difficult to inactivate because of their small size or low NIM content. Even when only 25% of all NIMs are screened, nonsense mutations for >60% of the genes are expected to be retrieved. Furthermore, screening only half of the NIMs, or a maximum of the first 22 NIMs per gene (which equals about half of all NIMs), the success rate will still be ∼90% (Fig. 4B) .
To test whether current technologies could be used for NIM genotyping, we designed a high-density array (Nimblegen, 370,000 features) for genotyping based on differential hybridization to allele-specific oligonucleotides and assayed a wild-type strain (N2) and an EMS-induced knockout strain (pk2351) that was mixed 1:1 with N2 to mimic the situation as present in a mutant library (Fig. 5) . The array covered 97,500 NIMs and included 29-mer probes for the wild-type and nonsense allele for both genomic strands, resulting in four probes The ratio was calculated between the observed nucleotide occurrence around the G/C to A/T mutations in our screen (n = 973) and the expected frequency for a random G/C base pair in the complete coding part of the 32 genes that were screened (n = 11,740). Sequence data was analyzed with the G base centered on the 0 position of the positive DNA strand. *P < 0.001, # P < 0.05.
per NIM. The known knockout mutation present in pk2351 was represented 10 times on the array. Using this approach, we were able to distinguish the control knockout mutation clearly when comparing the mutant sample with the wild-type sample (Fig. 5) . Although one could expect ∼11 NIMs per mutant and the detection of two NIMs on the current array, we were not able to retrieve additional candidate mutated positions that are expected as background in the unbackcrossed pk2351 strain from this experiment. This could be because (1) only part of the NIMs were present on this array (∼20%); (2) differential hybridization to probes with a single mismatch is not sensitive enough for all NIMs, which may also explain the high background signal observed our experiments; and (3) every NIM is represented only once (with four probes) per array. When analyzing the control NIM data, we find that with the current technology a NIM should preferably be represented three-to fivefold per experiment to reliably call the mutation, or the analysis should be performed in duplicate. Although the current custom-designed platforms do not yet allow for densities to accommodate sufficiently large numbers of features to meet these criteria, making the suggested genome-wide approach currently impractical, the expectation is that densities will grow to up to 10 million features, which would be sufficient to accommodate every C. elegans NIM in multifold. Alternatively, other high-throughput genotyping assay, such as methods based on match/mismatch strategy (Matsuzaki et al. 2004) , single-base extension (Steemers et al. 2006) , or molecular inversion probes (Hardenbol et al. 2005) , or novel emerging techniques, could be considered to assay (genome-wide collections of) NIMs.
Conclusions
We showed that a target-selected mutagenesis approach based on chemically induced point mutations is highly effective for the identification of knockouts in C. elegans. Using highthroughput dideoxy resequencing, we identified the largest unbiased collection of EMS-induced point mutations after mutagenesis of an animal. Extrapolation of our results indicates that knockouts for >90% of all C. elegans genes are present in the current resource. We calculated that the screening complexity for genome-wide identification of knockouts can be decreased by two to three orders of magnitude when focusing on NIMs and speculate that genome-wide NIM genotyping could be used to retrieve all knockouts from the mutant library.
The NIM-based target-select mutagenesis strategy is not limited to C. elegans. Reverse genetics using chemical mutagenesis is already very popular in a variety of species, including zebrafish, rat, and several plant species, partially because no other methods are available for the generation of knockouts and partially because the resulting models are not transgenic. The latter is relevant because of legal, ethical, and safety issues that are associated with the introduction of foreign DNA into organisms. Espe- In the case of alternative splicing, the longest coding ORFeome was used. The percentage of the mutation frequency spectrum used for the calculations is shown in parentheses.
d
All genomic positions that can be changed into a stop codon (NIMs), given the mutagen/spectrum defined in column 2. 
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www.genome.org cially for crop species, where one would like to inactivate "adverse" characteristics, such as a gene encoding an allergen, there is no need to generate a genetically modified organism. The approach described here can, in principle, be used for any organism of interest that can be mutagenized and bred, and for which a genome sequence is available. Although the genomewide NIM collection increases several-fold from C. elegans to vertebrates, it does not scale linearly with genome size or complexity.
NIMs can also be calculated without a specific mutation spectrum assuming that every mutation is possible, thereby providing an equivalent for spontaneous mutations. Screening the human NIM collection (3.3 ‫ן‬ 10 6 positions including all stop and splice mutations), potentially in combination with all relevant disease-related mutations as, for example, present in the OMIM (Online Mendelian Inheritance in Man, http:// www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM) database, could be a powerful diagnostic tool. This would allow the immediate identification of all stop mutations in the genome of an individual.
Methods
Nematode culturing and mutagenesis C. elegans (strain Bristol N2) were cultured (Lewis and Fleming 1995) and mutagenized (Anderson 1995) as described. Animals were grown on NGM plates seeded with E. coli OP50 and cultured at room temperature. Stagesynchronized L4 worms were mutagenized with 50 mM EMS (Sigma) in M9 buffer (44 mM Na 2 HPO 4 , 22 mM KH 2 PO 4 , 86 mM NaCl, 1 mM MgSO 4 ) for 6 h at room temperature. After overnight recovery on NGM/OP50 plates, 200 P0 animals were singled and grown for a few days. Subsequently, 9000 F 1 animals were singled from these plates onto 6-cm plates. Worms were grown until plates were just starved and enriched for L1 stage larvae and subsequently washed off in M9-buffer into 96-well deep-well blocks (2.5 mL capacity, Riplate). All subsequent pipetting steps were performed using a 96-channel pipettor (Hydra, Matrix). Worms were allowed to settle by putting the sample block on ice for 15 min, and supernatant was removed until 200 µL was left in the block. Half of the worm suspension was used for cryopreservation of the worms in duplicate in 96-well plates and the other half for DNA isolation. Worms were resuspended by three times pipetting 150 µL up and down, and 100 µL of worm suspension was transferred to a 96-well plate (strips of 8 wells, Costar), prefilled with 100 µL of ‫ן2‬ concentrated freezing medium (50 mM phosphate buffer at pH 6.0, 100 mM NaCl, 30% glycerol, 0.3 mM MgSO 4 ). After mixing by three times pipetting 150 µL up and down, 100 µL was transferred to an empty 96-well plate (duplicate frozen stock). Both plates were sealed using adhesive foil, wrapped in cotton wool and towels, and slowly frozen in a ‫°08מ‬C freezer.
DNA isolation and gridding
Genomic DNA was isolated from the remaining 100 µL of worm suspension in 96-well deep-well blocks by adding 50 µL of ‫ן3‬ concentrated worm lysis buffer (150 mM KCl, 30 mM TrisHCl at pH 8.0, 7.5 mM MgCl 2 , 1.35% NP-40, 1.35% Tween-20, 300 mg/L gelatin, 0.3 mg/mL ProtK) and incubating at 60°C for 45 min. ProtK was inactivated by heating for 15 min at 95°C. Samples were further purified using protein precipitation by adding 50 µL of Protein Precipitation Solution (Promega) and centrifuging for 20 min at 5000g. Supernatant was transferred to a new plate, and DNA was precipitated by adding 150 µL of isopropanol, centrifuging for 30 min at 5000g, and washing the pellet with 150 µL of 70% ethanol. The DNA pellet was dissolved in 100 µL of TE (10 mM Tris-HCl at pH 8.0, 0.1 mM EDTA) by gently shaking for a few hours at room temperature and stored at -20°C. For further automated robotic handling, DNA was diluted Figure 5 . Array-based NIM analysis. The signal of the nonsense (vertical) versus the wild-type (horizontal) allele is plotted for wild-type worms (N2) (A) and pk2351, containing an EMS-induced stopcodon in ZK858.1 (B). For nonmutated positions, the nonsense signal (vertical axis) is expected to be background, whereas the wild-type signal spreads over the X-axis, most likely reflecting GC content differences. A heterozygous mutation would have similar intensities for both the nonsense and wild-type allele, and these are thus expected to be located close to the diagonal in the figure. Microarrays with 390,000 features were used to assay part of the C. elegans genome-wide NIM collection. Every NIM was represented by four probes that were temperature-normalized (T m = 72°C, probe length between 25 and 40 nt), representing the wild-type and mutant alleles for both DNA strands. The stop codon in ZK858.1 was represented 10 times (red, plus strand probes; blue, minus strand probes). 100 times with water and gridded into 384-well plates (5 µL per well).
Mutation discovery
Genomic regions of interest were amplified by PCR. Nested sets of oligonucleotides (1 and 4 for the first PCR and 2 and 3 for the second PCR) were designed using a customized version of Primer3 (Rozen and Skaletsky 2000) , which is integrated in the LIMSTILL (Laboratory Information Management System for the Identification of Mutations by Sequencing and TILLing) interface (http://limstill.niob.knaw.nl; V. Guryev and E. Cuppen, unpubl.). Universal M13 adapters were added to oligos 2 and 3 (forward oligo adapter: M13F, TGTAAAACGACGGCCAGT; reverse oligo adapter: M13R, AGGAAACAGCTATGACCAT). The first PCR contained 5 µL of genomic template DNA (pregridded), 2 µL of ‫ן5‬ PCR buffer (0.125 M Tricine, 40% glycerol, 10% DMSO, 0.43 M NH 4 Ac, 11.2 mM MgCl 2 , pH adjusted to 8.7 using 25% ammonia), 0.2 µL of 10 mM dNTP, 0.2 µL of oligo 1 (10 mM), 0.2 µL of oligo 4 (10 mM), and 0.08 µL of Taq polymerase (5 U/µL) in a total volume of 10 µL. Thermocycling conditions were: 94°C for 60 sec, followed by 30 cycles of 92°C for 20 sec, 58°C for 20 sec, and 72°C for 60 sec. PCR 1 was diluted with 25 µL of H 2 O and 1 µL was used as template for the second PCR reaction that, in addition, contained 1 µL of ‫ן5‬ PCR buffer, 0.1 µL of 10 mM dNTP, 0.04 µL of M13F-tailed oligo 2 (10 mM), 0.02 M13R-tailed oligo 3 (10 mM), and 0.04 µL of Taq polymerase (5 U/µL) in a total volume of 5 µL. Thermocycling conditions were the same as for the first PCR.
Subsequently, PCR2s were diluted with 25 µL of water and 1 µL was used as template in a 5-µL dideoxy sequencing reaction, containing 0.01 µL of universal primer (100 µM stock, either M13F or M13R), 1.9 µL of ‫ן5.2‬ sequencing dilution buffer (Applied Biosystems), and 0.1 µL of BigDye terminator v3.1 (Applied Biosystems). Samples were processed under the following conditions: 35 cycles of 92°C for 10 sec, 50°C for 5 sec, and 60°C for 120 sec. The resulting reactions were purified by ethanol precipitation in the presence of 40 mM sodium-acetate as recommended by the manufacturer (Applied Biosystems) and analyzed on AB3730XL 96-capillary sequencers using the standard RapidSeq fast run protocol. All PCR and sequencing reactions were set up using high-throughput robotic automation (Tecan Genesis Workstation RSP200 with integrated TeMo96 and Velocity11 VPrep96/384 with BenchCell) in 384-well format. The resulting sequencing reads were automatically analyzed using in-house developed scripts running the PolyPhred 5.0 package (Nickerson et al. 1997) in the background for mutation discovery and imported into the management system (http://limstill.niob.knaw.nl) for storage and automated annotation. Every individual mutation was reconfirmed by an independent nested PCR and sequencing reaction.
Duplicate mutation calculation
The number of mutations that are expected to be observed twice or more can be calculated by: N2+ = N ‫מ‬ N0 ‫מ‬ N1, where N is the number of effective GC sites per animal, which is calculated by N = GC/A, where GC is the total number of GC positions screened (44, 805, 188) and A is the effective number of animals screened (5453, which is lower than the total number of animals in the library because of sample failures and incomplete library screening for some amplicons); N0 is the number of monomorphic positions (not mutated sites) and can be calculated by N0 = N(1 ‫מ‬ p) A , where p is the GC mutation frequency (2.17 ‫ן‬ 10 ‫5מ‬ ); and N1 is the number of positions that are expected to be mutated once, which is calculated by N1 = NAp
.
NIM calculation
Ensembl release 41 sequences and annotations of C. elegans, human, rat, mouse, and zebrafish genomes and Arabidopsis thaliana chromosome annotations (NCBI entries NC_003070.5, NC_003071.3, NC_003074.4, NC_003075.3, NC_003076.4) were used for calculations of their NIMs.
